Background
==========

The worldwide incidence of cancer has increased in recent years \[[@b1-medscimonit-24-412]\]. Although the mortality rate has declined with early detection \[[@b1-medscimonit-24-412]\], recurrence and metastases remain the leading causes of death in patients with cancer \[[@b2-medscimonit-24-412]\]. Recent studies have shown that a small subset of cells known as cancer stem cells (CSCs) are capable of self-renewal, differentiation, and infinite propagation, and are resistant to anticancer therapies \[[@b3-medscimonit-24-412],[@b4-medscimonit-24-412]\]. CSCs have been isolated and identified in solid tumors such as cancers of the colon, liver, head, neck, stomach, and breast.

Breast cancer, the most common type of cancer among women, has a high mortality rate. Since the discovery of breast CSCs in 2003 \[[@b5-medscimonit-24-412]\], researchers have reported that a small population of breast CSCs with a CD44^+^/CD24^−^ phenotype are capable of regenerating malignant cells and generating new tumors \[[@b5-medscimonit-24-412],[@b6-medscimonit-24-412]\]. Because recurrence, progression, and metastasis of tumors originate from CSCs \[[@b7-medscimonit-24-412]--[@b9-medscimonit-24-412]\], the most promising therapeutic strategy for breast cancer is the targeting of CSCs.

Evidence suggests that naturally occurring compounds have anticancer properties that may be useful for cancer prevention and therapy \[[@b10-medscimonit-24-412]\]. Among those compounds, flavonoids reportedly have anticarcinogenic properties \[[@b11-medscimonit-24-412]--[@b13-medscimonit-24-412]\]. Quercetin, the most common flavonoid, has been shown to act against various cancers, including breast cancer \[[@b14-medscimonit-24-412]--[@b18-medscimonit-24-412]\]. Recent studies have reported that quercetin inhibits breast cancer by inhibiting signal transduction, inducing cancer cell apoptosis, and suppressing proliferation, invasion, and metastases of tumor cells \[[@b19-medscimonit-24-412]--[@b21-medscimonit-24-412]\]. However, the effect of quercetin on breast CSCs has not been described.

In the present study, we investigated the effect of quercetin on MDA-MB-231 cells with the CD44^+^/CD24^−^ phenotype, and we explored its possible mechanisms of action.

Material and Methods
====================

Cell culture and regents
------------------------

Human MDA-MB-231 breast cancer cells were purchased from American Type Culture Collection (ATCC) and cultured in Dulbecco's modified Eagle's medium (DMEM) that was supplemented with antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin) and 10% fetal bovine serum (FBS; Gibco). The cultures were maintained in a humidified incubator at 37°C with 5% CO~2~. Quercetin was obtained from the National Institute for the Control of Pharmaceutical and Biological Products, Beijing, China.

Cell proliferation assay
------------------------

Cell proliferation was measured using CellTiter 96^®^AQueous One Solution Cell Proliferation Assay (MTS; Promega Biotech Co., Ltd.) according to the product manual. We recorded absorbance at 490 nm using a Vmax^®^ Microplate Reader (Bio-Rad, Benchmark) to calculate the number of cells.

Apoptosis analysis
------------------

To detect apoptotic cells, we used an Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Detection Kit (MBL International Corporation, Watertown, MA) according to the manufacturer's instructions, followed by flow cytometry.

Cell cycle assay
----------------

We used flow cytometry to elucidate the effect of quercetin on the cell cycle, and more specifically, to analyze apoptosis and determine the apoptotic rate. Briefly, 2×10^5^ cells/mL of MDA-MB-231 cells were seeded in a 6-well plate. After 24 h, we added quercetin. The cells were fixed with 70% ethanol at different time points, stored overnight at 4°C, and then washed and stained with propidium iodide (PI, Sigma-Aldrich, Steinheim, Germany). Cell cycle analysis was performed using a FACSCalibur™ (Becton Dickinson, Franklin Lakes, NJ, USA) flow cytometer.

Fluorescence-activated cell sorting (FACS)
------------------------------------------

FACS was utilized to sort breast CSCs according to cluster of differentiation 44 (CD44) and cluster of differentiation 24 (CD24) cell surface markers. Briefly, MDA-MB-231 cells were stained with FITC-labeled mouse anti-human CD44 antibodies and phycoerythrin (PE)-labeled mouse anti-human CD24 (BD Pharmingen™) antibodies. Unbound antibodies were removed by washing with phosphate-buffered saline (PBS) prior to analysis. Then, CD44^+^/CD24^−^ cells and non-CD44^+^/CD24^−^ cells were collected.

Soft agar colony formation assay
--------------------------------

Sorted CD44^+^/CD24^−^ CSCs with or without quercetin were seeded in soft agar as previously described \[[@b22-medscimonit-24-412]\]. The plates were incubated at 37°C and 5% CO~2~ for approximately 21 days, and then stained with 0.01% crystal violet. The number of colonies was counted under a microscope.

Mammosphere culture
-------------------

Sorted CD44^+^/CD24^−^ CSCs were grown in serum-free DMEM/F12 medium supplemented with B-27 Supplement, 20 ng/mL epidermal growth factor (EGF, Invitrogen), 0.4% bovine serum albumin (BSA), and 4 μg/mL insulin (R&D Systems) as previously reported \[[@b23-medscimonit-24-412]\]. Mammospheres were cultured for 6 days, and then quercetin was added. The number of mammospheres was counted 48 h after the addition of quercetin.

Scratch assay
-------------

Sorted CD44^+^/CD24^−^ CSCs were grown in 60-mm tissue culture dishes. After 24 h, the cells were starved in FBS-free DMEM medium for 16 h. We scratched the central region of the confluent culture, removed detached cells, and added fresh culture medium with or without quercetin. Phase-contrast images of the scratched region were recorded at different time points using Image J (National Institutes of Health).

Western blot analysis
---------------------

Sorted CD44^+^/CD24^−^ CSCs with or without quercetin treatment were lysed immediately in RIPA buffer, incubated on ice for 30 min, and then centrifuged at 12 000 *g* for 15 min at 4°C. Equal amounts of total protein (approximately 30 μg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). The membranes were blocked with 5% fat-free dry milk/BSA for 2 h, then probed with different primary antibodies: anti-aldehyde dehydrogenase 1A1 (anti-ALDH1A1; 1: 1000; Abcam,**\#**ab9883), anti-epithelial cell adhesion molecule (anti-EpCAM; 1: 1000; Abcam, ab71916), anti-C-X-C chemokine receptor type 4 (anti-CXCR4; 1: 1000; Abcam, \#ab124824), anti--mucin 1 (anti-MUC1; 1: 500; CST, \#4538), and anti-β-actin (1: 1000; CST, \#4970). Quantification of the Western blots was performed using luminol chemiluminescence (ChemiDoc XRS; Bio-Rad).

Statistical analysis
--------------------

All experiments were conducted more than 3 times. We used one-way ANOVA (analysis of variance) or unpaired, two-tailed *t* tests for statistical analyses. All results are expressed as means ± standard deviations. Statistically significant differences were declared at *p*\<0.05.

Results
=======

High doses of quercetin inhibit proliferation of MDA-MB-231 cells and CD44^+^/CD24^−^ CSCs
------------------------------------------------------------------------------------------

To investigate whether quercetin inhibits proliferation of MDA-MB-231 cells, we performed an MTS assay on MDA-MB-231 cells that had been treated with various concentrations of quercetin (0, 12.5, 25, 50, 100, and 200 μM). No difference was found between untreated cells and those treated with less than 50 μM quercetin, but concentrations of 50 μM and greater significantly inhibited cell proliferation ([Figure 1A](#f1-medscimonit-24-412){ref-type="fig"}). We chose 100 μM quercetin for subsequent experiments. We also used FACS to sort CD44^+^/CD24^−^ CSCs, and used the MTS assay to investigate the effects of quercetin on the proliferation of CD44^+^/CD24^−^ CSCs. We found that the proliferation of both CD44^+^/CD24^−^ and non-CD44^+^/CD24^−^ subpopulations was significantly lower at all time points in the quercetin-treated groups than in the control groups. This suggests that quercetin inhibits both non-CD44^+^/CD24^−^ and CD44^+^/CD24^−^ CSCs ([Figure 1B](#f1-medscimonit-24-412){ref-type="fig"}).

Quercetin induces apoptosis of MDA-MB-231 cells
-----------------------------------------------

To examine whether quercetin inhibits cell proliferation associated with induction of cell apoptosis, we assessed apoptosis of MDA-MB-231 cells using flow cytometry. The number of apoptotic cells was significantly higher in the quercetin group than in the control group ([Figure 2](#f2-medscimonit-24-412){ref-type="fig"}). These results show that quercetin has apoptotic effects against human MDA-MB-231 cells and inhibits cell proliferation.

Quercetin changes the cell cycle of MDA-MB-231 cells
----------------------------------------------------

We used flow cytometry to elucidate changes in the MDA-MB-231 cell cycle to further investigate the possible mechanisms through which quercetin inhibits cell proliferation. The proportion of cells in G1 phase was significantly lower in the quercetin group than in the control group ([Figure 3](#f3-medscimonit-24-412){ref-type="fig"}). The proportion of cells in G2/M phase was significantly higher in the quercetin group than in the control group ([Figure 3](#f3-medscimonit-24-412){ref-type="fig"}). The proportion of cells in S phase was similar between the quercetin and control groups ([Figure 3](#f3-medscimonit-24-412){ref-type="fig"}). These results indicate that quercetin alters the MDA-MB-231 cell cycle.

Quercetin inhibits mammosphere formation, and migration of CD44^+^/CD24^−^ CSCs
-------------------------------------------------------------------------------

We examined the effect quercetin on colony formation and mammosphere generation in CD44^+^/CD24^−^ CSCs to determine if inhibition of stem cell properties by quercetin reflects the degree to which it inhibits malignancy. The number of foci was significantly lower in the quercetin-treated group than in the control group ([Figure 4B, 4E](#f4-medscimonit-24-412){ref-type="fig"}). Using phase-contrast microscopy, we observed that the size of the colonies and mammospheres in the quercetin group was significantly smaller than that in the control group ([Figure 4C](#f4-medscimonit-24-412){ref-type="fig"}). Indeed, the number of mammospheres dramatically declined within 48 h of quercetin treatment due to cell death. Because mammospheres are composed primarily of CSCs, our results suggest that quercetin kills CSCs ([Figure 4C, 4E](#f4-medscimonit-24-412){ref-type="fig"}).

To characterize the effect of quercetin on migration of CD44^+^/CD24^−^ CSCs, a scratch assay was performed. We found that after 24 h, the migration of cells in the quercetin-treated group significantly declined compared to that in the control group ([Figure 4A, 4D](#f4-medscimonit-24-412){ref-type="fig"}). Our results suggest that quercetin treatment inhibits proliferation, clonal expansion, mammosphere formation, and migration of CD44^+^/CD24^−^ CSCs.

Quercetin-induced CSC inactivation is associated with suppression of ALDH1A1, CXCR4, EpCAM, and MUC1 levels
-----------------------------------------------------------------------------------------------------------

To further investigate the mechanisms by which quercetin inhibits proliferation, clonal expansion, mammosphere formation, and migration of CD44^+^/CD24^−^ CSCs, we examined the expression of proteins involved in cancer tumorigenesis and progression. We found that the levels of ALDH1A1, CXCR4, EpCAM, and MUC1 proteins were significantly lower in the quercetin group than in the control group ([Figure 5](#f5-medscimonit-24-412){ref-type="fig"}), which was concordant with our experiments on mammosphere formation and migration. These results suggest that ALDH1A1, CXCR4, EpCAM, and MUC1 play crucial roles in quercetin inhibition of CD44^+^/CD24^−^ CSCs.

Discussion
==========

Although the number of deaths in patients with breast cancer has decreased in Western countries, that decline is partially associated with early detection. Many patients continue to die of recurrence or metastases \[[@b1-medscimonit-24-412]\]. Researchers have proposed that a small subset of cells (the so-called CSCs) is resistant to chemotherapy and radiotherapy, and these cells are capable of self-renewal, differentiation, and clonal expansion. Hence, targeting CSCs is considered the most promising treatment strategy against cancer \[[@b24-medscimonit-24-412]\].

Phytochemicals are potential anticancer agents because they reportedly target breast CSCs and their signaling pathways \[[@b24-medscimonit-24-412]\]. Quercetin is a phytochemical that can inhibit breast cancer \[[@b19-medscimonit-24-412]--[@b21-medscimonit-24-412]\], but its effect on breast CSCs has not been reported until now. In the present study, we focused on the effect of quercetin on breast CSCs and the possible mechanisms by which it may exert those effects.

In our study, quercetin inhibited proliferation of MDA-MB-231 cells and CSC populations ([Figure 1](#f1-medscimonit-24-412){ref-type="fig"}). When we analyzed the effect of quercetin on apoptosis, we found that quercetin inhibited cell proliferation by increasing the rate of apoptosis ([Figure 2](#f2-medscimonit-24-412){ref-type="fig"}).

We also discovered that MDA-MB-231 cells treated with quercetin had a lower proportion of G1 phase cells and a higher proportion of G2/M phase cells compared to those not treated with quercetin ([Figure 3](#f3-medscimonit-24-412){ref-type="fig"}). These results are similar to those previously reported \[[@b25-medscimonit-24-412]\]. Quercetin-mediated cell cycle arrest in the G2/M phase is possibly associated with upregulation of cyclin D1, which has been reported in other cell lines \[[@b26-medscimonit-24-412],[@b27-medscimonit-24-412]\].

Until now, the role of quercetin on CD44^+^/CD24^−^ CSCs was unclear, so we investigated the effect of quercetin on these cells. An MTS assay of sorted CD44^+^/CD24^−^ CSCs showed that those treated with quercetin had significantly lower proliferative ability than those not treated with quercetin ([Figure 1B](#f1-medscimonit-24-412){ref-type="fig"}). We also investigated the effect of quercetin on mammosphere formation and found that quercetin significantly reduced mammosphere formation, which suggests that quercetin inhibits proliferation and self-renewal of CD44^+^/CD24^−^ CSCs ([Figure 4](#f4-medscimonit-24-412){ref-type="fig"}).

In addition to self-renewal and proliferation of CD44^+^/CD24^−^ CSCs, another key malignant characteristic is invasion. In this study, we used a scratch assay to estimate the ability of CD44^+^/CD24^−^ CSCs to invade and repair. We found that quercetin-treated CD44^+^/CD24^−^ CSCs were less invasive than were CD44^+^/CD24^−^ CSCs in the control group ([Figure 4A, 4D](#f4-medscimonit-24-412){ref-type="fig"}). Specifically, quercetin reduced the malignancy of CD44^+^/CD24^−^ CSCs.

In accordance with the above results, we therefore assessed several candidate molecules related to tumorigenesis and progression of CSCs: ALDH1A1, CXCR4, EpCAM, and MUC1. It is known that ALDH1A1 can be used as a marker for breast CSCs, which have high tumor-initiating and self-renewing capabilities \[[@b28-medscimonit-24-412]\]. Cancer cell lines with high expression levels of ALDH1 exhibit high clonogenicity, tumorigenicity, and invasiveness \[[@b28-medscimonit-24-412],[@b29-medscimonit-24-412]\]. Not surprisingly, studies have associated high expression levels of ALDH1 in CSCs with the development of drug resistance in cancers. In breast cancer, ALDH expression has been positively correlated with grade, stage, and poor prognosis \[[@b30-medscimonit-24-412]\].

MUC1 is a transmembrane glycoprotein that can bind to epidermal growth factor receptor (EGFR) family members and β-catenin to activate signal transduction and growth-related pathways \[[@b31-medscimonit-24-412],[@b32-medscimonit-24-412]\]. Overexpression of MUC1 is associated with increased cell proliferation and promotion of invasion and metastases \[[@b32-medscimonit-24-412]\]. Indeed, high expression levels of MUC1 have been correlated with nodal metastases and a worse prognosis in a variety of epithelial cancers, including breast cancer \[[@b31-medscimonit-24-412]\].

EpCAMs play an important role in cancer by possibly upregulating c-myc and cyclin A, activating the Wnt signaling pathway, and inducing proliferation \[[@b33-medscimonit-24-412],[@b34-medscimonit-24-412]\]. Several *in vivo* and *in vitro* studies have shown that EpCAMs may act as CSC markers for many tumors, including breast, colon, liver, and pancreatic cancers \[[@b35-medscimonit-24-412],[@b36-medscimonit-24-412]\]. In addition, high EpCAM expression levels are often correlated with poor prognoses in cancers such as breast and gallbladder cancers \[[@b37-medscimonit-24-412],[@b38-medscimonit-24-412]\].

CXCR4 is an alpha-chemokine receptor specific for C-X-C motif ligands (CXCLs) expressed in various cancer cells, such as breast cancer \[[@b39-medscimonit-24-412]\]. A considerable number of recent studies have revealed that CXCR4s play a key role in cell proliferation, migration, and metastasis in breast cancer \[[@b40-medscimonit-24-412]\].

Researchers have reported that ALDH1A1, CXCR4, EpCAM, and MUC1 may all be potential targets for breast CSC treatment. In our research, MDA-MB-231 cells showed significantly lower ALDH1A1, CXCR4, EpCAM, and MUC1 levels compared to those of the control group ([Figure 5](#f5-medscimonit-24-412){ref-type="fig"}). We surmise that lower expression levels of ALDH1A1, CXCR4, EpCAM, and MUC1 may be important factors mediating quercetin inhibition of CSC activation.

Conclusions
===========

Our study demonstrated that quercetin inhibits cell proliferation and induces apoptosis in breast cancer cells. From our results, we conclude that it also reduces proliferation, mammosphere formation, and invasiveness of sorted CD44^+^/CD24^−^ CSCs, perhaps by inhibiting ALDH1A1, CXCR4, EpCAM, and MUC1. Our findings indicate that quercetin is a potential novel drug for targeting CSCs.
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![Proliferation of MDA-MB-231 cells and cancer stem cells (CSCs) inhibited by quercetin. (**A**) Cell proliferation was significantly inhibited in a concentration-dependent manner at quercetin concentrations ≥50 μM. (**B**) Proliferation of quercetin-treated CD44^+^/CD24^−^ and non-CD44^+^/CD24^−^ subpopulations decreased at all time points. Data represent the means ± standard deviations (*n*=3). \* P\<0.05; \*\* P\<0.01 *vs.* control group.](medscimonit-24-412-g001){#f1-medscimonit-24-412}

![Induction of apoptosis by quercetin. (**A**) Flow cytometry analysis comparing apoptosis levels of 24-h quercetin-treated cells to that of the control group. (**B**) Flow cytometry analysis comparing apoptosis levels of 48-h quercetin-treated cells to that of the control group. (**C**) Levels of apoptosis in MDA-MB-231 cells. These results represent 3 independent experiments. Con -- control; Que -- quercetin. Data represent the means ± standard deviations (*n*=3). \* P\<0.05; \*\* P\<0.01 *vs.* control group.](medscimonit-24-412-g002){#f2-medscimonit-24-412}

![MDA-MB-231 cell cycles change with quercetin treatment. (**A**) Cell cycles of 24-h quercetin-treated cells and those of the control group. (**B**) Cell cycles of 48-h quercetin-treated cells and those of the control group. (**C**) Changes in the proportion of cells in each phase of the cell cycle at 24 h, as determined by flow cytometry. (**D**) Changes in the proportion of cells in each phase of the cell cycle at 48 h, as determined by flow cytometry. Que -- quercetin. Bars represent the mean numbers of cells ± standard deviations (*n*=3). \*\* P\<0.01 *vs.* control group.](medscimonit-24-412-g003){#f3-medscimonit-24-412}

![Analysis of invasion, clonal expansion, and mammosphere formation in CD44^+^/CD24^−^ CSCs. (**A, D**) Scratch assay analysis of migration in control and quercetin groups (**B**) Clone formation in control and quercetin-treated CSCs. (**C**) Mammosphere generation in control and quercetin-treated CSCs. (**E**) Analysis of the numbers of clone formations and mammospheres in control and quercetin-treated CSCs. CD -- cluster of differentiation; CSC -- cancer stem cell. Data represent the means ± standard deviations (*n*=3). \* P\<0.05; \*\* P\<0.01 *vs.* control group.](medscimonit-24-412-g004){#f4-medscimonit-24-412}

![Changes in the expression of proteins (ALDH1A1, CXCR4, EpCAM, and MUC1) associated with tumorigenesis and progression of CSC. (**A, B**) The expressions of ALDH1A1, CXCR4, EpCAM, and MUC1 in MDA-MB-231 cells were detected by western blot and analyzed using Quantity One software. The data represent the means ± standard deviations (*n*=3). ALDH1A1 -- aldehyde dehydrogenase 1A1; CXCR4 -- C-X-C chemokine receptor type 4; EpCAM -- epithelial cell adhesion molecule; MUC1 -- mucin 1; Que -- quercetin. \* P\<0.05 *vs.* control group.](medscimonit-24-412-g005){#f5-medscimonit-24-412}
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